Hollow tubular structures in subaqueously-emplaced basaltic glass may represent trace fossils caused by microbially-mediated glass dissolution. Mineralized structures of similar morphology and spatial distribution in ancient, metamorphosed basaltic rocks have widely been interpreted as ichnofossils, possibly dating to ∼3.5 Ga or greater. Doubts have been raised, however, regarding the biogenicity of the original hollow tubules and granules in basaltic glass. In particular, although elevated levels of biologically-important elements such as C, S, N, and P as well as organic compounds have been detected in association with these structures, a direct detection of unambiguously biogenic organic molecules has not been accomplished. In this study, we describe the direct detection of proteins associated with tubular textures in basaltic glass using synchrotron X-ray spectromicroscopy. Protein-rich organic matter is shown to be associated with the margins of hollow and partly-mineralized tubules. Furthermore, a variety of tubule-infilling secondary minerals, including Ti-rich oxide phases, were observed filling and preserving the microtextures, demonstrating a mechanism whereby cellular materials may be preserved through geologic time.
INTRODUCTION
Hollow or partly-mineralized micron-scale tubular structures in seafloor basaltic glass have been interpreted as trace fossils created by microbially-mediated glass dissolution (Banerjee and Muehlenbachs, 2003; Benzerara et al., 2007; McLoughlin et al., 2008; Cousins et al., 2009; Staudigel et al., 2015) . Mineralized structures containing titanite (CaTiSiO 5 ), of similar morphology and spatial distribution observed in ancient, metamorphosed basaltic rocks have been interpreted as ichnofossils, possibly dating to ∼3.5 Ga or older -making them among the most ancient putative microfossils (Furnes et al., 2004; Banerjee et al., 2007; Staudigel et al., 2008a Staudigel et al., , 2015 .
Basaltic glasses are a common constituent of the Earth's seafloor in the form of pillow rims, hyaloclastites, and volcaniclastic debris. Basaltic glasses can also form in subglacial eruptions or by impact melting of basaltic target rocks. Basaltic glasses are widely distributed in the solar system in space and time, and thus represent an important habitat on early Earth, Mars, and elsewhere (Izawa et al., 2010b) . Alteration of basaltic glasses influences the cycling of numerous elements between the Earth's hydrosphere, lithosphere, and biosphere (Staudigel and Hart, 1983; Furnes et al., 2001) . Early suggestions of a role of microbial alteration in basaltic glass weathering (Jones and Goodbody, 1982; Ross and Fisher, 1986) led to the suggestion that colonizing microbes may cause local variations on pH that allow them to chemically "drill" into a silicate substrate (Thorseth et al., 1992) . Subsequently, multiple lines of evidence were uncovered to support an important role of biology in the alteration of submarine basaltic glass, including isotopically light carbon from carbonates in pillow basalt rims compared to their crystalline cores (e.g., Banerjee and Muehlenbachs, 2003) , the presence of carbonaceous materials (Benzerara et al., 2007; Wacey et al., 2014) , fluorescence staining indicating the presence of nucleic acids (Banerjee and Muehlenbachs, 2003) , and in the form of hollow, micron-scale tubular and granular structures associated with surfaces and fractures (Thorseth et al., 1995b; Torsvik et al., 1998; Furnes et al., 2001; Furnes and Muehlenbachs, 2003; Staudigel et al., 2006; McLoughlin et al., 2008 McLoughlin et al., , 2009 Santelli et al., 2008) . Tubular textures in particular display morphologies including spirals, segmentation, and branching that are highly suggestive of a biological origin (McLoughlin et al., 2009) . It has been hypothesized that microbes enhance the dissolution of basaltic glass in order to obtain energy and nutrients (Thorseth et al., 1995a,b; Furnes et al., 2001; Staudigel et al., 2008b) . Endolithic microborings in basaltic glass have been shown to be more abundant in systems where basaltic glass has interacted with marine waters rather than fresh water alone, possibly indicating that marine-like fluids are required by the tubule-forming biota (Cousins et al., 2009) . Observations of seafloor samples and experimental studies, have demonstrated that the timescales over which tubular structures are formed are likely to be very long (Staudigel et al., 2008b) and experimental demonstration of tubule formation has not yet been made, although biological etching which may represent incipient tubule formation has been demonstrated (e.g., Staudigel et al., 1995 Staudigel et al., , 1998 Thorseth et al., 1995a) . Characterization of organic materials associated with tubular structures is an alternative approach to establishing their potential biogenicity. Here, we report the detection of protein-bearing organic matter associated with the margins of hollow and partly-mineralized tubular structures in basaltic glass. Previous investigations using similar methods have shown evidence for both aliphatic hydrocarbons and carbonates within tubules in basaltic glass (Benzerara et al., 2007) , but both aliphatic hydrocarbons and carbonates can be formed by both abiotic and biological processes. Proteins, in contrast, are only known to form via biological activity; therefore, their association with the margins of tubular bioalteration structures would support the origin of the textures through biologically-mediated glass dissolution processes.
MATERIALS AND METHODS

Sample Provenance and Petrographic Characterization
The sample used in this study was recovered by the Integrated Ocean Drilling Program during leg 192 from Hole 1184A located at a water depth of 1661.1 m on the eastern lobe of the OntongJava Plateau (OJP) (Mahoney et al., 2001; Fitton et al., 2004) . The sample is a volcaniclastic tuff consisting of ash-to lapilli-sized clasts and vitric shards, accretionary lapilli, armored lapilli, and crystal fragments (pyroxene and plagioclase) in a matrix of finegrained vitric and lithic ash, clay and other alteration-induced minerals cemented by smectite, analcime, calcite, and to a lesser extent celadonite and zeolites (Figure 1) . A petrographic thin section prepared using colloidal Al 2 O 3 polishing compounds (to avoid contamination with C from diamond or SiC) was examined in transmitted light to identify regions with abundant tubular textures. Optical microscopy was carried out in transmitted and reflected light using Nikon LV100 POL petrographic microscopes equipped with Nikon DS-Ri1 12 Mpixel cameras at the University of Western Ontario and Texas Tech University. The section was subsequently sputter-cleaned using an Ar + beam, then coated with a thin layer (40 Å) of Ir. Backscattered-electron images of the OJP thin section was collected using a Hitachi S-4300SE/N SEM at the College of Arts & Sciences Microscopy, Texas Tech University, operating at 10-20 kV and 13 mm working distance.
A LEO (Zeiss) 1540XB FIB/SEM equipped with 30 keV Ga + Focused Ion Beam (FIB) was used to cut away a thin foil containing partly-mineralized tubules. The foil was welded to a Cu sample holder by deposition of Pt. The foil was thinned until electron transparent, ∼100 nm, by Ga + FIB milling. No traces of the Al 2 O 3 polishing compound, epoxy resin, the Pt weld joining the sample holder to the foil, or other contaminants were detected in the FIB foil after preparation, as determined using the EDAX Energy Dispersive X-ray spectrometer on the LEO (Zeiss) 1540XB FIB/SEM. We are therefore confident that our analyses are of endogenic materials and are not detectably affected by contamination. The FIB foil was vacuum-sealed under sterile clean room conditions and transported in a sterile, vacuumsealed sample container for STXM analysis.
Electron Probe Micro-Analysis
Electron probe micro-analysis (EPMA) was carried out using the Cameca SX100 electron probe microanalyzer operating at 15 kV and 30 nA beam current. Representative areas of the OJP thin section were mapped in for C, Ti, Fe, Si, Mg, and Ca to determine the distribution of these elements and guide extraction of the FIB foil for STXM analysis. Counting times were 20 s on peak and 10 s on background. Natural and synthetic standards were used to refine X-ray peak position. Standards were as follows: α-SiC for C; ilmenite for Ti; hematite for Fe; diopside for Si and Ca; olivine (Fo 93 ) for Mg. All EPMA data were corrected using a ϕ(ρz) routine supplied by the manufacturer. Quantitative element distribution maps of a representative area are shown in Figure 2 .
Scanning Transmission X-Ray Microscopy Analysis X-ray imaging and spectromicroscopy was carried out at the Canadian Light Source using the STXM microscope on the SM beamline (10D-1) (Kaznatcheev et al., 2007) . The absorption edges examined were the C and N K-edges, and the Ti, Fe, and Ca L-edges. On-and off-resonance images were collected of the entire FIB section for each edge; the difference of optical density (OD) images mapped the distribution of the element in the FIB section (Kaznatcheev et al., 2007) . The as-measured transmitted on-and off-resonance images and the image sequences were converted to OD, absorbance) using the incidence flux (I 0 ) directly from the beam. The organic material, was mapped from the difference in OD images at 288.2 eV (peak of the C 1s π * C = O of protein) and 280 eV (prior to the onset of the C K-edge absorption signal). The difference in the OD images at 352.6 eV (Ca 2p 1/2 Ca 3d resonance) and at 350.2 eV (in the dip between the 2p 3/2 and 2p 1/2 resonances) mapped the Ca 2+ in the FIB section. The Fe image difference map was derived from the 710 eV (Fe 3+ 2p 3/2 resonance) and 700 eV (prior to the onset of the Fe L-edge absorption signal). The 455 eV image (prior to the onset of the Ti L-edge absorption signal) was subtracted from the 460 eV image to prepare the Ti image difference map. The N image difference map was from the difference of the 401.4 eV (π * resonance) image and the 395 eV image (prior to the onset of the N K-edge absorption signal). Image sequences (i.e., stacks) were collected on two areas we selected, 1 and 2, and spectral fitting of these stacks with linear combination of reference spectra using singular value decomposition (SVD) (Koprinarov et al., 2002) mapped the element distribution and chemical speciation in the tubule-filling materials and of the glass. Note that when Areas 1 and 2 were fit with K, aragonite, lipid and protein reference spectra, the lipid and protein component maps were different when they were both included in the fit (data not shown). If we only included either protein or lipid in the fit, the component maps were similar. Hence, we choose to only show the protein component map but have referred to it as organic. All image and spectral processing was performed with aXis 2000 (Hitchcock, 1997 (Hitchcock, -2016 .
Reference Compounds
The reference compounds used in the SVD spectral fitting were human serum albumin (protein), xanthan gum (polysaccharide), 1-Palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine (lipid), K (derived by subtracting an appropriately weighted spectrum of CaCO 3 from that of K 2 CO 3 ), aragonite (CaCO 3 ), FeCl 3 ·6H 2 O, FeCl 2 ·4H 2 O, anatase (β-TiO 2 ), and Ca adsorbed to extracellular polymeric substances (EPS). All these STXM NEXAFS reference spectra have been reported previously (Koprinarov et al., 2002; Dynes et al., 2006a,b; Kaznatcheev et al., 2007; Obst et al., 2009 ) except for anatase. The anatase reference spectrum was collected on the 10ID-1 beamline at the Canadian Light Source by Jian Wang. The anatase was slurried in water and deposited onto a silicon nitride window, and air-dried. All compounds were from Sigma-Aldrich except human serum albumin (Behringwerke AG), lipid (Avanti Polar) and aragonite (School of Geography and Earth Sciences, McMaster University, Hamilton, ON, Canada) and were of a minimum purity of 98%.
RESULTS
The Ontong Java Plateau (OJP) sample investigated in this study was recovered by Ocean Drilling Program (ODP) leg 192 from hole 1184A located at a water depth of 1661.1 m on the eastern lobe of the OJP (Mahoney et al., 2001 ). The sample is a volcaniclastic tuff, consisting of ash-to lapillisized clasts and vitric shards, accretionary lapilli, armored lapilli, and crystal fragments (pyroxene and plagioclase) in a matrix of fine-grained vitric and lithic ash, clay, and other alteration minerals cemented by smectite, analcime, calcite, rare celadonite, and several zeolites (Figure 1) . Coarsely crystalline zeolites, including chabazite and phillipsite, occur sparsely as vug fillings, some of which are concentrically zoned. The sample was previously described in detail by Banerjee and Muehlenbachs (2003) , and further studied by Izawa et al. (2010a) . Electron microprobe maps (Figure 2) reveal that carbon and titanium are both associated with tubular textures within glass shards. Very high concentrations of carbon are located outside the glass shards, and could reflect a mixture of secondary carbonate precipitation and sedimentary organic matter.
Scanning Transmission X-ray Microscopy X-ray Absorption Near-Edge Spectroscopy (STXM-XANES) allows compositional analysis with sub-micron spatial resolution, and is capable of distinguishing the subtle differences in absorption edge energy structures due to differing bonding environments. An earlier study using a similar approach identified both carbonates and organic matter associated with tubular textures, but more specific identification of the organic constituents was not achieved (Benzerara et al., 2007 ). In the current study, spectromicroscopy of ultrathin (electron transparent, ∼100 nm) Focused Ion Beam (FIB) sections through basaltic glass containing tubular textures revealed concentrations of protein-bearing organic matter associated with tubular textures and commonly concentrated at the margins of such tubules.
The total N map of the FIB section is shown in Figure 3a . In Areas 1 and 2, N was mapped with spectra extracted from unaltered glass and tubule-filling materials (Figure 3b) . The N spectrum extracted from the tubule-filling materials was similar to that of albumin (Figure 3b ) and other amide and amine compounds, and showed distinct features near 401.4 eV due to π * resonances, while the N spectrum extracted from the glass had a broad peak about 405.2 eV, attributed to 1s → σ * transitions (Leinweber et al., 2007) , demonstrating that the tubule-filling materials likely contain protein (Figures 3c-h) . Carbon is much more abundant within tubule-filling alteration assemblages than in the surrounding basaltic glass (Figure 4a) . Comparison between measured and reference spectra showed that concentrations of organics, carbonate, and K were higher in tubule-filling materials (Figure 4b) . For the organics, the characteristic peak of the C1s → π * C−OH transition at around 289.5 eV was not apparent, indicating that the tubules did not contain abundant polysaccharides (Figure 4b) . All proteins have a characteristic sharp peak at 288.2 eV due to the C1s → π * CONH transition of peptide bonds (Leung et al., 2010) , and in bacteria this peak is very apparent (Dynes et al., 2009) . Lipids contain carboxylic groups, and have a broad characteristic peak from about 287 to 288 eV due to the C1s→ π * COOH transition (Lawrence et al., 2003) . Spectra extracted from the tubules are consistent with the presence of both lipids and proteins (Figure 4c) . Spectra of glass and tubule-filling materials are similar in the region of lipid and protein resonances (∼288-289 eV), but the intensity of the signal from the organic resonances is much stronger in the regions interpreted here as containing protein-and-lipid-bearing organic matter (bright regions of Figure 4d ). Mapping of smaller regions of interest (Figures 4d-k) shows the heterogeneous distribution of organic matter as well as inorganic carbonate and potassium (likely a component of phyllosilicate minerals).
The total iron (Fe) map of the FIB section is shown in Figure 5 . Both the tubule-filling materials and the surrounding basaltic glass contained Fe. The oxidation state of the Fe in the tubules and bulk was determined by fitting of the Fe 2p stack with the FeCl 3 ·6H 2 O and FeCl 2 ·4H 2 O reference spectra (Figure 5b) . Spectra derived by threshold masking of the high intensity pixels from the component maps (Figure 5b) confirmed that the Fe in the tubules was predominantly Fe 3+ (Figures 5c,f) , while that in the glass was Fe 2+ (Figures 5d,g ). The spectra extracted from the narrow (50 to 100 nm thick) interface between the unaltered glass and the tubule-filling materials showed that the oxidation state of the Fe was mixed (Figure 5b) . Most of the tubule-filling materials are similar to palagonite, a common alteration product of basaltic glass consisting of a mixture of poorly-crystalline Fe-oxyhydroxides, phyllosilicates, and zeolites (Stroncik and Schmincke, 2002) .
The total Ti map of the FIB section is shown in Figure 6 . Titanium is concentrated in small (∼few 100 nm), irregularlyshaped particles, always within the altered material inside tubules. Spectra extracted from the high intensity pixels of the particles in the tubules and of the bulk, by threshold masking, confirmed that the particles are anatase (β-TiO 2 ) (Figures 6c,d) (Liu et al., 2010) .
The total Ca map of the FIB section is shown in Figure 7 . Calcium is abundant in the unaltered basaltic glass and very low in most of the tubule-filling materials. Spectra extracted from the high intensity pixels of the glass and from the material in the tubules, by threshold masking of the component map (Figures 7b,d) , showed that these spectra were similar to each other and to that of CaHPO 4 ·2H 2 O and Ca adsorbed to microbial exopolymeric substances (Lawrence et al., 2003) ; they are clearly not consistent with crystalline calcite (CaCO 3 ) (Figure 7c) .
DISCUSSION
The N and C STXM-XANES spectra demonstrate the presence of proteins and lipids within the partially mineralized tubular textures. Protein-bearing organic matter is particularly associated with the interfaces between unaltered basaltic glass and alteration products, consistent with the preservation of cellular remnants derived from microbes that had colonized and etched the glass. The association of protein-and lipid-bearing organic matter with the margins of tubules is as expected if the tubules formed via microbial glass dissolution and the proteins and other organic matter represent fossil cellular material (cell envelope remnants and extracellular materials). Tubule-filling materials also include phyllosilicate-rich material dominated by Fe 3+ (likely palagonite) and Ti-rich particles with mixed Fe 3+ and Fe 2+ ; the surrounding basaltic glass is Fe 2+ -dominated. Boundaries between unaltered glass and alteration materials commonly contain a mixture of Fe valence states, providing direct support to previous suggestions (Thorseth et al., 1995b; Torsvik et al., 1998 ) that biologically-mediated Fe-oxidation plays an important role in microbial dissolution of basaltic glass. Ti-rich materials within tubular microtextures are potential nucleation sites for the later growth of titanite, pointing to a mechanism for the preservation of these trace fossils through geologic time. Our observations support both the biogenicity of tubular microtextures in basaltic glass and a direct correspondence between bioalteration in modern oceanic crust and ancient mineralized tubules thought to constitute the one of the oldest presently-known microfossils. Previous studies using confocal microscopy and fluorescent staining with ethidium bromide have demonstrated a likely association of nucleic acids with tubule walls (Banerjee and Muehlenbachs, 2003) ; however, some doubts have remained due to the possible roles of non-specific binding, capillary action, and possible contamination. In the present study, proteins associated with tubular textures in basaltic glass have been directly detected using STXM, providing independent confirmation of previous observations of biological macromolecules, i.e., nucleic acids (e.g., Banerjee and Muehlenbachs, 2003) . While contamination can never be completely ruled out, the intimate association of biological material with the margins of tubular microtunnels in basaltic glass strongly supports the interpretation of the tubules as ichnofossils.
The tubule-filling materials also contain Ti-rich particles (Figure 6 ) in close contact with protein-rich organic matter (Figures 4a,d,h) . Previous studies have shown that Ti-rich materials exist within altered basaltic glass (Zhou and Fyfe, 1989) , and titanite has been detected along tubule-rich rims of basaltic glass shards, including the one studied here (Izawa et al., 2010a) , but in situ identification of titanite or precursor material(s) within tubular structures has been lacking. The presence of TiO 2 -rich materials within tubules has important implications for the preservation of these textures in basaltic glass through geologic time. Titanite-mineralized tubular textures are widely reported in ancient, metamorphosed basaltic glasses, and have been interpreted as trace fossils (e.g., Furnes and Muehlenbachs, 2003; Furnes et al., 2004; Banerjee et al., 2006; Staudigel et al., 2008a) . Calcium is also abundant in the unaltered basaltic glass and very low in the tubule-filling materials; however, it is notable that the Ti-rich particles have a slightly higher Ca concentration than the tubule-filling palagonite, as this suggests a prime environment for titanite formation (Figures 6, 7) . Moreover, Ca 2+ is expected to be abundant in the solutions (seawater and hydrothermal) present during the alteration of subaqueous basaltic rocks.
We suggest that titanite-mineralized tubules in ancient metamorphosed basaltic glass are trace fossils (for contrary views see, e.g., Lepot et al., 2011; Grosch and McLoughlin, 2014) . Titanium is normally a highly immobile element, so the presence of Ti compounds within tubular bioalteration structures might simply reflect passive accumulation: as the surrounding glass is dissolved, Ti remains and rapidly forms nanoscale oxide particles such as those observed here (e.g., Banerjee and Muehlenbachs, 2003; Staudigel et al., 2006; Izawa et al., 2010a) . Regardless of how they are formed, Ti-rich particles within tubular structures can then act as growth nuclei for later-formed metamorphic titanite, which would explain why titanite mineralization is commonly observed to be strongly concentrated in microbial alteration textures (e.g., Furnes et al., 2004; Staudigel et al., 2006) . Detection of Ti-rich materials here demonstrates that precursor materials for metamorphic titanite growth occur within partly mineralized tubules on the seafloor, demonstrating a direct link between modern tubular bioalteration textures in seafloor glasses and the oldest-known microbial trace fossils.
CONCLUSION
• X-ray spectromicroscopic observations have revealed that microtubules within basaltic glass contain biomolecular traces of life in the form of proteins and lipids.
• The tubule-filling materials are dominated by Fe 3+ while the unaltered glass is dominated by Fe 2+ , and there may be a preserved transition zone with mixed Fe valance. These observations are consistent with (although not diagnostic of) a role for microbially mediated Fe oxidation during the formation of the tubular structures.
• Preserved biomaterials are closely associated with alteration material and with TiO 2 -rich particles, demonstrating a high preservation potential for elemental, biochemical, and textural signatures of microbial activity during basaltic glass alteration.
• These results provide strong confirmation of previous results that suggested the presence of biomolecular remnants associated with tubular alteration structures in basaltic glass.
• The overall weathering and bioalteration process that have affected these basaltic glass samples have preserved both protein and lipid as biomarkers at the microbe-mineral interface.
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